Abstract: Polystyrene was grafted onto oil palm empty fruit bunch (OPEFB) fiber in aqueous medium by using the H 2 O 2 /Fe 2+ system as an initiator. Optimization of the reaction conditions was carried out by varying the reaction period, temperature, amounts of the monomer, initiator and co-catalyst. The presence of the peaks around 3026 cm -1 , 698 cm -1 and 755 cm -1 in the Fourier transform infrared (FTIR) spectra of the grafted product and the presence of polystyrene on the surface of grafted OPEFB in the scanning electron micrograph provided strong evidence of the grafting. The maximum percentage of grafting (about 200%) was achieved when the reaction was carried on for 4 h at a temperature of 65°C, using 52.27 mmol monomer, 6.00 mmol initiator and 0.26 mmol co-catalyst. The thermal stability of the grafted OPEFB was found to be better than that of the ungrafted fiber, as seen from thermogravimetric analysis (TGA).
Introduction
In recent years, significant efforts have been made to manufacture natural fiber reinforced thermoplastic composites. The rationale behind these efforts is that the use of natural fiber offers several advantages, such as low cost, low density, high toughness, enhanced energy recovery, recyclability and biodegradability [1] . Oil palm empty fruit bunch (OPEFB) fiber is a natural fiber derived from the oil palm tree (Elaeis guineesis). It is one of the lignocellulosic materials of great importance in Malaysia. It is estimated that about 8 million tons of EPEFB fiber is generated by oil palm industries per year [2] . With rising environmental awareness and the need for new applications of agricultural by-products, such as OPEFB, to be more useful in order to minimize industrial waste, agricultural by-products seem attractive enough to be used as alternative reinforcement in thermoplastics composites. The utilization of OPEFB as a reinforcement in polymers has several economic and ecological importances.
Lignocellulosic fibers have recently been incorporated in synthetic polymer composite systems. Their potential to enhance the mechanical properties over neat polymer matrix (particularly impact toughness and stiffness) and to reduce the final cost of the material, as well as to increase the biodegradable component content within the materials, makes the use of biobased polymers very attractive [3, 4] . Various matrix materials have already been combined with natural fibers including polypropylene, polystyrene, polyethylene, polyvinyl chloride and so on [3] [4] [5] [6] [7] [8] .
A common problem associated with these composite systems is poor interfacial adhesion between the hydrophobic matrix material and the hydrophilic filler, which contributes to the poor mechanical properties in the final material. This problem may be alleviated by grafting the hydrophobic vinyl monomer onto the backbone of cellulose fiber. Graft copolymerization of polymer onto cellulose is a method by which polymer can be directly linked to the cellulose matrix with the formation of a chain of chemical bonds [9] [10] [11] [12] . This reaction is initiated by free radicals of the cellulose molecule. The main purpose for grafting is to make the fiber hydrophobic and this enhances the compatibility, as well as dispersibility of the grafted fibers in the nonpolar matrices. Grafting of lignocellulosic material such as sisal fiber, jute, kenaf, wool, pineapple leaf, talc, starch and coir has been done successfully using different types of initiators [13] [14] [15] [16] [17] . A number of researches were conducted on grafting of palm fiber [18] [19] [20] , however, no work has been done on polystyrene grafted OPFEB fiber.
In the present research, OPEFB was grafted with polystyrene to modify its surface and improve its compatibility with hydrophobic matrices. This research shall provide new technology and information to polymer research and industry. The objective of this study was to find the optimum reaction conditions for grafting polystyrene onto OPEFB fiber by varying the reaction period and temperature and the amounts of monomer, initiator and co-catalyst. The presence of styrene in the products was confirmed through Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM). The effect of polystyrene grafting on thermal properties was also studied.
Materials and methods

Materials
The OPEFB fibers were supplied by Sabutek Sdn Bhd, KL, Malaysia. OPEFB fiber was soaked for 6 h and washed with hot water maintained at 60°C and then with acetone to remove oil residue and ash from the surface. Then, the OPEFB was dried in an oven at 60°C to a constant weight. It was ground and sieved to a size of 100 μm-200 μm. Styrene was purchased from Fluka Chemie (Buchs, Switzerland) and purified by passing through columns with an activated alumina to remove inhibitor. The purified styrene was stored in a refrigerator. Hydrogen peroxide solution (2 m) was prepared from analytical grade hydrogen peroxide purchased from Riedel-de-Haen (Hannover, Germany). Ammonium iron (II) sulfate was obtained from BDH (Leicestershire, UK) and used as received.
Graft copolymerization
The reaction was carried out in a 250 ml three-necked flask with a reflux condenser and nitrogen inlet tube. One gram of dried OPEFB was added to 100 ml of distilled water. The flask was immersed in a thermostated water bath at the desired temperature (50 o C-80 o C). N 2 gas was purged into the flask for 30 min to remove oxygen during the reaction. After 30 min, the required volume (2 mmol-10 mmol) of 2.0 m H 2 O 2 was added and allowed to react with the OPEFB for 5 min. Then, the required amount (0.1-0.5) of ammonium iron (II) sulfate was added. Later on, the required volume (26 mmol-60 mmol) of purified styrene was added into the mixture and stirred under nitrogen with a 2 h-5 h reaction period. After the reaction, the products were filtered off, washed with distilled water and dried in an oven at 60°C to a constant weight.
Extraction of homopolymer
The crude product was purified from homopolymer (polystyrene homopolymer) by shaking a crude product in toluene for 12 h until pure grafted OPEFB fibers were obtained and then dried in an oven at 60 o C to a constant weight [15] . The percentage of grafting was estimated using the following equation:
where W 1 is the weight of original OPEFB and W 2 is the mass of grafted product after copolymerization and extraction.
FTIR spectroscopy
FTIR was used to identify the functional groups present in the ungrafted and OPEFB-g-polystyrene samples. All the spectra were obtained by the KBr technique using an FTIR spectrophotometer (Perkin Elmer Spectrum BX). The samples were scanned in a range of 4000 cm 
SEM
Investigation of ungrafted OPEFB and OPEFB-g-polystyrene fiber surfaces was carried out using a scanning electron microscope (Philips XL30 ESEM, Holland, the Netherlands). The specimen was coated with a thin layer of gold to avoid electrostatic charging during analysis.
Thermogravimetric analysis
Thermal behavior was examined by thermogravimetric analysis (TGA) on a TGA7 Perkin Elmer thermogravimetry analyzer, under nitrogen atmosphere at a heating rate of 10°C/min and a temperature range of 35°C-600°C.
Results and discussion
Reaction mechanism
The graft copolymerization of polystyrene onto OPEFB fiber was carried out by treating OPEFB fiber with H 2 O 2 , ferrous ammonium sulfate solution and polystyrene. The first step of the proposed mechanisms was the generation of radicals by the decomposition of H 2 O 2 [21] . Since the decomposition of H 2 O 2 to produce a radical was difficult, Fe 2+ was added to speed up the decomposition [22] . HO . radicals were formed after the decomposition: 
The HO . radical species reacted with the cellulosic hydroxyl to produce macroradicals:
At the same time, the hydroxyl ion was produced in the decomposition reaction and hydrogen was abstracted from the phenolic hydroxyl group of lignin:
The Fe 3+ reacted with the phenolic hydroxyl ion of lignin to produce phenolic radicals and ferrous ions: 
The cellulosic radicals and phenolic radicals on the OPEFB surface reacted with styrene monomer to initiate graft copolymerization. In the propagation reaction, the OPEFB fiber (cellulose or lignin) free radical reacted with the double bond of styrene monomer, resulting in the formation of a covalent bond between monomer and OPEFB fiber:
The termination of graft copolymerization was the combination of two radicals [23] , which produced homopolymer and copolymer:
The graft polymerization was confirmed through FTIR and SEM analysis. FTIR spectra of OPEFB, OPEFB-g-PS and polystyrene are shown in Figure 1 . The OPEFB and OPEFB-g-PS spectrum showed the characteristic broad absorption band of the hydroxyl group around 3600 cm . This was attributed to O-H stretching vibrations of cellulose, hemicelluloses, lignin constituent of OPEFB and moisture content [24] . The C-H stretching vibration was observed near the 2900 cm -1 region of the spectrum. The presence of two peaks at 3026 cm -1 and 3060 cm -1 corresponded to aromatic C-H stretching and the two peaks at 698 cm -1 and 756 cm -1 showed the pattern of five adjacent hydrogen atoms on the aromatic ring. This indicates the presence of a styrene unit in the grafted OPEFB that provided strong evidence of grafting.
Scanning electron micrographs of ungrafted OPEFB and OPEFB-g-PS (Figure 2 ) confirm polystyrene grafting. The surface of the ungrafted fiber (Figure 2A ) was rough and grooved with some surface debris. The presence of lumps on the surface of the grafted fiber was attributed to the polystyrene, which was chemically bonded to the surface of the fiber ( Figure 2B ). Figure 3 shows the effect of reaction period on polystyrene grafting onto OPEFB fiber. The percentage of grafting increased with increasing reaction period up to 4 h. This increase can be explained on the basis of the availability of the monomer in the swollen phase rising with time [25] . The percentage of grafting declined after 4 h of reaction period. This was due to the decrease in the monomer and initiator concentrations and retardation of diffusion after polymer formation on the OPEFB surface [26] . It could also be due to decreased available sites for grafting on OPEFB fiber surface [27] . 
Effect of reaction conditions
Effect of reaction period
Effect of reaction temperature
The variation of percentage grafting against reaction temperature is shown in Figure 4 . The percentage grafting increased with increasing temperature up to 65°C. The increase in temperature led to an increase in decomposition rate of H 2 O 2 /Fe 2+ . This produced more hydroxyl radicals, which then reacted with the lignocellulosic backbone to produce more radicals on it [28] . In addition, the reactivity of the monomer was also increased, thus producing more grafted product. The percentage grafting decreased at 70°C due to the increase of free radicals leading to termination [29] . The decrease in percentage grafting was also due to the increase of homopolymerization normally favored at high temperatures [30] .
Effect of amount of monomer
The effect of monomer on percentage grafting is represented in Figure 5 . The results show that the percentage grafting increased with increasing amount of monomer from 26.14 mmol to 52.27 mmol. The initial increase in percentage of grafting with increase amount of monomer was due to the gel effect facilitating the penetration of monomer onto the OPEFB backbone active sites, since the gel effect helped in swelling the OPEFB [30] . The decrease in the percentage of grafting after 52.27 mmol monomer addition was due to competition between homopolymerization and grafting. In view of the close proximity of monomer radicals at a higher concentration of monomer, more homopolymerization occurred, which resulted in the reduction of monomers to graft onto fiber [31] .
Effect of amount of initiator
The effect of the amount of initiator on percentage grafting was investigated by varying the amount of initiator in the range of 2.00 mmol to 10.00 mmol. Figure 6 reveals the influence of the amount of initiator on percentage grafting, which increased with increasing amount of H 2 O 2 up to 6.00 mmol. This could be due to greater number of hydroxyl radicals produced by reactions of H 2 O 2 with Fe 2+ , which reacted with the OPEFB fiber, thus producing more macroradicals acting as reactive site [21] . However, the grafting percentage decreased after 6.00 mmol. This was attributed to the enhanced rate of termination [30, 32] .
Effect of amount of co-catalyst
The effect of amount of co-catalyst (ammonium ferrous sulfate) on percentage grafting is shown in Figure 7 . Without the presence of a co-catalyst, no grafting occurred. This indicates that H 2 O 2 alone did not decompose and produced radicals without Fe
2+
. In the presence of Fe 2+ in the system, the percentage grafting increased rapidly up to 172.28%. This indicates that Fe 2+ accelerated the decomposition of H 2 O 2 , thus increasing the amount of free radicals needed for the reaction [33] . The decrease in percentage grafting at higher amounts of Fe 2+ was due to the presence of a large number of free radicals, which interacted with each other and caused termination through a mutual combination or a chain transfer. The excess radicals produced by decomposition of H 2 O 2 also reacted with the monomer, thus the formation of homopolymer increased [34] .
TGA
TGA was carried out to evaluate the effect of graft copolymerization on the thermal stability of fiber. Grafting was conducted for 4 h at a temperature of 65°C, using 52.27 mmol monomer, 6.00 mmol initiator and 0.26 mmol co-catalyst. Figure 8 shows TGA thermograms of OPEFB, polystyrene and OPEFB-g-polystyrene. It is observed that below 100°C, 3.7% weight loss occurred in the ungrafted OPEFB, which was due to water evaporation [15] . However, the main weight loss (80.3%) from 190°C to 340°C was attributed to the decomposition of OPEFB. In the case of polystyrene, degradation occurred between 205°C and 443°C, leading to 98.1% weight loss. For OPEFB-g-polystyrene, there were two stages of weight loss. The first weight loss occurred between 200°C and 363°C, which might be due the decomposition of ungrafted OPEFB. The second stage weight loss occurred between 380°C and 466°C, leading to 70.7% weight loss, which was due to decomposition of the grafted product. The increase in thermal stability in OPEFB-g-polystyrene was due to the late decomposition of polystyrene, thus increasing overall thermal stability in the OPEFB-gpolystyrene [21] .
Conclusions
The synthesis of OPEFB-g-polystyrene was successfully carried out using H 2 O 2 /Fe 2+ as the initiator. The FTIR spectroscopic data and SEM surface morphology confirmed the presence of polystyrene onto the OPEFB fiber. The graft copolymerization reaction was dependent on the amount of initiator, monomer and co-catalyst, as well as the reaction period and reaction temperature. A 4 h reaction at a temperature of 65°C using 52.27 mmol monomer, 6.00 mmol initiator and 0.26 mmol co-catalyst produced the maximum percentage of grafting (about 200%). The thermal stability of the grafted OPEFB was found to be better than that of the ungrafted fiber.
